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Fig. 1 Effect of sterilization of saccharified solution and column temperature on
alcohol concentration and total acidity of effluent from the reactor.

A, using non-sterilized solution; B,C,D, using sterilized solution.
Symbols: @, alcohol concentration (v/v%); The solid line shows total acidity(ml).
The dotted line shows amino acidity(ml).
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Fig. 2 Effect of alcohol concentration of pre-incubated solution on
the total acidity of effluent from the reactor.

In A, B,and C, the mean alcohol concentration of the pre-incubated solution
was 3,5,and 7 (v/v%), respectively. Symbols: @, alcohol concentration (v/vi)
of the effluent from the reactor. The solid line shows total acidity (ml)
of the effluent. The dotted line shows alcohol concentration (v/v%) of the

pre-incubated solution.
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Fig .3 Effect of sterilization and pH of saccharified solution on the total
acidity of effluent from the reactor.
In A, B, and C, non-sterilized solution having pH4.5, sterilized solution
having pH4.5, and sterilized solution having pHS5.5 were used, respectively.
Symbols are the same as in Fig. 2.
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Fig .4 Effect of pH of saccharified solution on the total acidity of effluent
from the reactor, under stirring the pre-incubation tank.
In A, B, and C, non-sterilized saccharified solution having pH4.0, 4.5,
and pH5.5, were used, respectively. Symbols are the same as in Fig. 2.
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Table 1. The cell density and the ratio by TTC stain of the yeast, in the pre-
fermentation tank and the column effluent, under various conditions of the
sacchrified solution and the pre-fermentation tank in continuous fermentation.

A. The cell density with non-stirred pre-fermentation tank

day of pH4. 5 non-steri. pH4.5 steri. pH5,5 sterd,
running pre. column pre. column pre. column
30 1.2X10%(-) 7.6X107(-) 1.0X10%(-) 6.0X107 (-) 1. 4X10%(+) 9.6X107(-)
36 = 4.8%X107 (+) = 5:5%107 (=) = 6.3X107 (++)
43 - 2. 4X107 (+44) - 3.6X107 (+) - 5.6X107 (++)

B. The cell density with stirred pre-fermentation tank

day of pHd.0 steri. pH4.5 steri. pH5.5 steri.
running pre. column pre. column pre. column
30 2.6X10%(-) 2.0X10°%(-) 1.7X10% (=) 9.4X107(-) 2.2x10%(-) 1.2X10%(-)
36 - 1.3X10*(-) - 1.2X10%(-) 7 7.5X107(-)
43 = 1.8X10%(-) = 7. 4X107 (=) = 1.4X10%(-)

C. TTC stain ratio (%) with stired pre-fermentation tank

day of stain pH4.0 steri. pH4.5 steri. pH5. 5 steri.
running colour pre. column pre. column pre. column
red 100 100 100 100 99 99
36 pink 0 0 0 0
white 0 0 0 0 1 1
red 100 100 99 99 100 100
43 pink 0 0 0 0 0 0
white 0 0 1 1 0 0
The cell density of yeast were expressed as cells/ml. ( -, +, ++ +++ ) shows cell

amount of bacteria, not detect, trace, small, and large, respectively. The red colour
yeast in TTC stain shows the KYOKAI yeast, the pink and white shows the wild yeast.
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Table 2. Analytical data and sensory evaluation of the continuous fermentation of
saccharified solution having pH4.0-5.5 with sirred or non-stirred pre-
fermentation tank

control (batch) pH4.0 stirred pH4.5 stirred pH5.5 stirred pH4.5 non-stir.

day of
running 30 40 30 40 30 40 30 40

main components

Ale (%) 80 1800 1l 8 13.0 13.6 12585 13.57 1208 2236
TA(m1) 3.056 2.85 3.45 3.75 3.15 2.85 2.60 2.05 2.5% 2.50
AA(m1) 0.90 0.85 0.80 1.50 1Sz N0 485 1% 10 20:565 1.35 1.40
DS (%) i 0.4 0.5 0.5 0.6 0.6 0.7 ;% 0.8

flavor components(ppm)

Acl 19 22 78 38 84 30 56 25 29 57
i-BuOH = = 69 59 76 92 69 95 59 T4
i-AmOH 168 170 208 113 114 90 125 139 165 115
i-AmOAc 138 4.8 28% 4.6 ATIEs 2. d5-05% 5.6 250 15258
EtCap ) A 0.5 0.9 gRsie 0.3 0.7 0.8 0.5 0.6

quality score(5 point method)
flavor 3.0 353 3. 8
taste 3.0 s 3.3

W w
o O
W W
= = ]
wW DD
(ST S

DD D
w oo
0D DN
(S o
W W
w O
wW W
O W

Abbreviations: Alc, alcohol; TA, total acidity; AA, amino acidity; DS, direct
reducing sugar; AcH, aceto aldehyde; i-BuOH, iso-buthyl alcohol; i-AmOH, iso-amyl
alcohol; i-AmOAc, iso-amyl acetate; EtCap, ethyl caproate

Flavour and taste were evaluated by a 5 point method. 1,excellent; 2, very good; 3,
good; 4, not acceptable; 5, inferior. Scores were expressed by mean of 5 paneller’s
evaluations
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| Polished rice]
soaked in water (250% parts of rice)
crashed by mixer with water
added calcium chloride (0.14%)
added liquefying enzymes
KOKUGEN ( o —amylase :0. 04%)
PROTEASE M AMANO (0. 02%)
incubated at 50°C for 4 hrs
heated at 97°C for 0.5 hrs
|Liquefied mash]
added rice-koji (20% parts of rice)
added saccharified enzymes
GLUCOAMYLASE AMANO (0. 06%)
incubated at 57°C for 14 hrs
| Saccharified mash |
| filter pressed
|Saccharified solution |
| added activated carbon
[Purified saccharified solutionl

. . 1. preparation scheme of saccharified solution
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Table 1. Effect of polishing rate of white rice on the components of the resulting
saccharified solution and resulting JSake in batch fermentation

polish components of saccharified solution
rate total sugar reducing sugar total acid amino acid
(%) (%) (ml) (ml)
25.8 25.4 0. T 1.20
27. 4 26. 7 0.45 0.95
28. 8 2959 0.25 0.75
30.2 27. 6 0.15 0.60
Polish  fermentation components of Sake quality score
rate alcohol total acid amino acid 0.D.
(days) (%) (ml) (ml) 430nm (flavor - taste)
8 12. 2 2.9% 085 0.048 08 5= 80
9 11,9 2.0% 0.30 0.043 7 =
10 16212 2.00 0.20 0.031 2, By ei 2 ab
11 118 2.00 0.20 0.024 Zailes = w208

Flavour and taste were evaluated by a 5 point method. 1, excellent; 2,very good; 3, good
; 4,not acceptable; 5, inferior. Scores were expressed by mean values of 6 paneller's
evaluation
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Fig. 2. Schematic diagram of the immobilized yeast reactor system.
1, Saccharified solution;:2, Stirrer;3, Pre-incubation tank;4, Pre-incubated
solution containing free yeast:5,Peristatic pump;6, Immobilized yeast column:
7, Immobilized yeast gel;8, Continuous fermented sake;
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Fig. 3. Operation of the continuous fermentation of Sake using the bioreactor

system with 501 pre-incubation tank and 251 immobilized yeast column.

Symbols: (), alcohol concentration (v/v¥%) of the sake.; @, alcohol concentration
(v/v%) of the pre-incubated solution; /\,total acidity(ml) of the sake: [ ], amino
acidity(ml) of the sake: V, direct reducing sugar concentration (%) of the sake.
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Table 2. Analytical data of the traditional JSake and the novel
type Sake fermented by the bioreactor

traditional 1 traditional 2 bioreactor
sake meter +0% 5 055 =32
alcohol (v/v%) 15. 8 13.8 9.5
total acid(ml) 1.40 1. 30 2.170
Co2( % ) 0.0 0.0 0.5
carboxilic acids(u g/ml)
pyro-glutamic 212 254 414
lactic 659 568 344
acetic 79 26 2
pyruvic 40 111 274
malic 113 121 366
(el (o 29 51 86
succinic 260 281 610
(total) (1452) (1318) (2166)
flavor components(ppm)
i-BuOH 11 16 43
Bt=But trace trace 0 2
i-AmOH 59 81 101
i-AmOAc trace (P 354
EtCap 0.2 0. 3 Bt

Abbreviations: i-BuOH, iso-butyl alcohol; Et-But, ethyl butyrate;

i-AmOH, iso—amyl alcohol;

i-AmOAc, iso—amyl acetate; EtCap, etyl caproate
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Fig. 4. Schematic diagram of three bioreactor systems
1, saccharified solution;2, pre-incubation tank;3, pre—incubated solution
containing free yeast;4, immobilized yeast column;5, immobilized yeast gel;
6, continuous fermented sake;7, reservoir:8, sterilized saccharified solution;
9,air filter
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Table 3. Productivity of sake fermented by various bioreactor systems.

reactor system out put alcohol productivity
(ml1/day) (v/v%) per reactor per system
(A) free yeast 288 9.9 0.16
(B) immobilized yeast 228 10.1 0.3
(C) free yeast and
immobilized yeast 331 ey 0.21 05241

Out put volume and alcohol concentration shown, were the average of 20
days measurements. Productivity were calculated by the volume of out
put, alcohol content and unit volume of reactor system ( see text ).

Table 4. Analytical data of sake fermented by various bioreactor system,
after second-fermentation.

reactor system Alc TA AA flavor components quality score
(v/v%) i-AmOH i-AmOAc EtOCap flavor taste

(A)free yeast PIE] N0 05 0o 15 250 iR} %] 2.6 2.4

(B) immobilized yeast 11.0 2.65 1.10 152 1.9 0.6 2.8 %

(C)free yeast and
immobilized yeast 12.1 2.60 0.35% 260 1.4 0.6 2.2 2o

Abbreviations: Alec, alcohol; TA, total acidity; AA, amino acidity;
i-AmOH, iso-amyl alcohol; i-AmOAc, iso—amyl acetate; EtOCap, ethyl caproate
Flavor components value were expressed with ppm.
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Fig.5. Schematic diagram of two bioreactors with different pre-incubation tank

1, saccharified solution:2, pre-incubation tank:3, pre-incubated solution
containing free yeast:4, immobilized yeast column;5, immobilized yeast gel:
6, effluent solution (sake);
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Table 5. Analytical data of two pre-incubation tanks with different
diameter.

surface area D. 0. cell density flavor components
(em?) (ppm) (cells/ml) i-BuOH i-AmOH i-AmOAc EtOCap
(A) 63. 6 0.02 3.9%10°® 39 155 0.3 0.3
(B) 23.8 0.01 1.6x10° 15 75 3.6 0.9
Analytical data, shown, were the average of 20 days measurements.
Abbreviations: D.0.,dissolved oxygen; i-BuOH, iso-butyl alcohol.
Table 6. Analytical data of the sake fermented by two bioreactors with

different condition of pre-incubation tank, after second-fermentation.

reactor Ale TA AA flavor components quality score
(v/v%) i-BuOH i-AmOH i-AmOAc EtOCap flavor taste

system A L2002 80 0. 20 23 104 ) [ 0.3 2.8 %

system B P20 F2eghe (0 b 14 80 4.2 0.9 25 A0

Abbreviations are the same as in Table 4 and 5.

_42_



6. S AF VT L PL2—ODRG—NTF v

AHFREONA A VT IV RAFARBVWT, AIBMOBREREAZBENSEET
HBEBWEMER oW, BEBRBRE AN OXREMK T TR EME.
FOBRECOBRBBIVCREBRBI L THEERIT %, £ I T, 4500 O RHijHl
LWL DEFEILMB Y S AR BE 40 v b TSV FPRYr—NVYT 75 —-0
BRI Y TR, BERBZE VY —DOSOESTHRBORERZZE A 5 C
tick, BREREFRELRZHMH I Z2 2752628 HA LI COYT 275 —-KEB
WTHEEA215~20CRKR-TBE, TLH2I—-NVEEH1I OOXOEBEN1H
M0 150 RAEAHRKTD - 7o

1l Alloc4 0 v b 7S5y bEizicBWT, RIMORAGHRBLMEEIR 0.01
ppmic B HI M L A5, 2o (BB 2 X1 0 cells/mly Hijf¥ 7
NI —n4%, VT2 s —HHBETLVI—L]1 0%) 2HET L. EHH
KH 7Ny 7 Lo iE» o RELHREZBEARNBTLILEN S - 7o LI
MoT, VTP 29— RFLDETS5 v MbiciR, X0V ELRBREHHEY X7

ABVKETHBEELDLNT,

_43..



1. EF VR TRALAL2EOEEBRME 27 43, HXABEALRZRH &L
rEBOHBEESCOAAUELRB YOO, Ay X743, HEEHAEABHBO

A omEGie LT, Wt xR L o

2. V7o —RBEFTOEMBREEAYTRBEFBIE S I LICED, KR
HAZGALEHBERBET VI - VEBBEZEELTRON e £/, RDOEW

SO ERBRBESENZ. EERBBKE2WH U TW 1o,

3. EEMABMBY T2 -~ BT LEMBBOGHEN., MEBRILLT T

B 7Trva—VvEERECERBEOM ELICOEET 2 EMNPESMITE - 1,

4., BHBERBOZFVAKERZGCHFT IO, MIMOBGFRFHAR

EZ20.0lppn BEEORKAKTHCHMITE2LENLD - /fc B, o it TEMHE

A —NT v TER2FTFI 35Dici, Tra—LVEBEOHBEHBALLE T H 20

_44_



B. WA BEAEH WA D AOSRE

AEOATHR., "4 AV 7275 —2HVAEHTHEBRBAOHBEEEEC X3
AR, KRR BUEZFE> 7V - VEBELIOO~12%DHLVWSY A 7TOHH
THbLERLIe AEOBTR., ChicMELT. FREBRABEOZ VWHE
DILHELT, ABHEOGSVHRNBEZRMKHESE~IEH L., RETBRWK LRER

Rk ZR>FHADAOREZRE L 7o

S WS

e, S5 LOSNE

BABAEHNIOKODEHXREZRBRBEXRE > L. CHhicHNEBEE (4spergillus

kawachii) 25> L ELTHASY., FHEICXDEMEITE - 1o

2. ERABH T,

g |
U
G
o

Table 1T EART LI RBHEAKEETHRAAZITR o7 L& B 3
a—-—TIS—E¥NBBFVWYDOT, a—-TI5S—F¥OHEKETH>0 a— 73
S—EHELTREXBHUE (K) B, Y7292 —-—¥BD—-—N(a-7 85—+,
14X 10%: Zva 7335 —¥, 15x10°: ¥ 7 e 577 — ¥, 85X 10%units/g%

2U) THWV

_45_



30CTHHAAB, R &L E X EHEMBLIAEAVSASHBMBAK X ¥ 12,
FLHNP>POBEENAEEL, AL EArAsbRAA e COBAERBAN D%
Mo ETEZIERBRLKEFDEFETHAB T LTI —NVEEROBDE D TI150

Uaide L TEo

3. WAk

WHEICXD —BBIF 2T -7 2R 7 =/ - VIBE . BEEZL — v
ROoOFEREHE TRHELR AV TERR——2I 027537 1+ —IKEDE
st BHBEEI S 7 40— REDERNITETR - 727, &
RLEEBRE I/ o=+ 7574 —-—TREAHBABEROL I I Lo 2B REN
Tomg/mILA FiIc 32X 5KTHFERL, 0450 DX VKT 7 4 V5 —THlB, 20
A Inlic xEE (CHaCN/DMSO/H.0=90/5/5) 2mlZMA + @i L 72o 3,000rp
m, 103 ORLDBMEITE -7 EilEE s> THIABEL 10,
ERBIBRLEUEMU» VX VBRI ED, T/ BRI BYT I/ BT S S

49 —835/ic X H» fIE L 720

4. KU AB

EHABRELTMB MK M7 ra—LiL2HEBOHERED 2L 5 X1,

_46_



KB AR

1. ¢S5 LCooRE
HCH ULBEB20%T. BES.T. a—7 35—+ JMid3. 5unit/g-< 35 LoD

COLBCEE-R

2. ®kAH b ADO—BKS

BkAHDAD—fEkDiETable 8 KR L TH B, WFN ST IV BEB LUV
MEBEL. VIBWOoOEHNEGPR >hbOBTELE->T, —fiICT VI — MR
BB, CHIBIOCEVW) FERCTISHOBELALILD, ERICLZ2REHN

hboltdbDEEZX B,

3. WKADADHEMR

Bk ADADOHEBRMMKIZTable 9ic A 2 L H> B BLEB 7 Vv@BTchHD S N,

fhic FFMR 5 S E » B Y 5 1 7o

4, Bk A 0 A DR H K
R =2 b5 74 —T XNV —R, AV 2NVNF—ZX, =5 o — 2,
I —-—YELX—R, ) —R, AVZNLVIPIPIA—-—2BRBRHBENHE FNHLSOEH

g s vnick 2 ERIZTable 100 B T, 7 Vva —ABFERMICE L £ HE

_47._



DIN~80% % E . £ V=2t —ZB I HIEWLL T,

1

5. Bk A D ADT I /MK

Table 11iCA B LS5k, CHILHBAEEZEAXRLLITDONO1~No0.3D A D AR,
TI/BOBRBILRIZHA T RCELALAHEBRED > ch, kIR LWL T
BLwE—HLTWVE, BOA»ZHVWENooAbTAF=v oMkt riho 3F &
DRPBEDL W, RKEBLEIBHEHKZER Tk BLTT7TAF = Lo
A v yPBERPRNREZEL. XTI VIV, 7220752y, ZAVE =y
LN Eh ot TLBABL LI BAIBETROI2¥EFEIERNWE T I VB

o TEVARDABTE L - T

6. ®¥D

m#E., Mk IM7ra —NiIckP2BEHEBERIBIRNTDOADAIRODWVWT A SN

t‘l b) b5 4 f:.o

_48_



Table T. Arrangement of materials for #/rin mash
No. 1 No. 2 No. 3 No. 4
steamed rice(g) 1500 1500 1500 -
rice bran (g) - - - .0
koji (g) 300 360 240 350
30% Alc (L) % 2 2 =
20% Alce (L) = : = 3
enzymes (g) 1.48 1.46 1. 50 1. 46
Table 8. Main components of the resulting #irin.
No. 1 No. 2 No. 3 No. 4
Alcohol (%) L [ 10.0 12
Be (=) 17.2 17.2 16. 8
total acidity(ml) 3.9 4.5 3-8
total-N(mgk) 350 370 330 =
Amino acidity(ml) 6.8 7.3 6.2 7.8
total sugar(mg/ml) 380 370 370 396
reducing sugar(mg/ml) 308 312 310 325
resulting volume(ml) 2,850 2,900 , 900 3,500

Table 9. Carboxilic acid composition of the resulting Hirin.

No. 1 No. 2 No. 3 No. 4
lactic 2t + o +
acetic (ppm) 26 16 20 12
pyruvic = = - =
formic + a7 + H
malic & & = =
propionic + + * +
succinic = 5 = =
citric (ppm) 1, 826 /il i 1, 496 8
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Table 10. Sugar composition of the resulting Hirin.

No. 1 No. 2 No. 3 No. 4
( mg/ml )
glucose 2l 261 289 318
maltose 3 0 3 6.5
iso-maltose 61 81 65 44
panose 2 14 1 0.3
iso-maltotriose 5 23 8 4

Table 11. Amino acid composition of the resulting and commercial H/rin.

No. 1 No. 2 No. 3 No.4 commercial
(%)
aspartate 4.3 4.3 452 6.0 3.2
threonine Jhvell 6.8 7.3 o8 | AL,
serine 4.9 4.9 4.9 b2 4y
gultamate 7.4 T4 i 1 13. 0
glycine 2. 8 2.6 2.4 3.6 4.6
alanine 5.6 Sel 5.8 7.3 g5 1
cystine 1.3 1.2 ) | 1.9 =
valine 6.5 6.5 6.5 7.6 3.1
methionine 3.1 3.1 i) 1.0 0.4
isoleucine 4.6 4.3 4.8 4.0 120
leucine e il s Lzl 13.0
tyrosine 6.1 B2l 6.4 9. 6 6.0
phenylalanine s 5 7.6 7.4 6.2 e 9
lysine 6.1 6.8 6.2 il A
histidine 17 1.6 1.6 0.8 3.4
tryptophan 0% 3 0.4 0.3 0.1 2.5
arginine 16. 6 16.3 16. 6 125 11.0
proline 3.0 el 2.8 5.4 4.6
total (mg/ml) g56: 2 102196 905.6 1091.6 197.8
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Fig. 1. Schematic diagram of the immobilized yeast
reactor system with pre-fermentor. Saccharified
rice solution was fed once a day to the pre-fermen-
tor. Pre-fermented solution was supplied to the im-
mobilized yeast-packed column at a constant feed
rate.

1, pre-fermentor; 2, column; 3, immobilized yeast;
4, agitator; 5, pump.
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Table 1.

Constants for caluculations.

Constant Value Reference
A 3.27 X 10** (/h) this work
Az 9.47 X 10° (g-ethanol/(g-cell-h)) this work
Do 0.0316 (cm?/h) 11)
£y 85800 (J/mol) 8)

) 56500 (J/mol) 8)

£ TN sp = /g2) this work
£ 4.29 X 10°® (//g) this work
I £) 0.017 (//g) 16)

£y 0.328 (—) this work
£s 1.54 (//g-cell) 11)

@ 1.97 (g-ethanol/g-cell) this work
/i 0.102 (g/ 1) this work
& 20.1 (g/ D) this work
£si 840 (g/ 1)) this work
rs: 8% /D this work
T: 0.010 (cm) this work
£ 7.28 (g/)) this work
Y, s 0.436 (g-ethanol/g-glucose) this work
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Fig. 2. Simulation results of batch culture at various glucose concentrations.

Sy indicates initial glucose conc.. Fermentation was done at 20°C.

Lines: simulated results.
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dP/0t =0.(82 P /81 +2/r -0 P /B 1)+ v Xt (10)

@ L /8 ¢

I

2.(8% §./8r +2/r -3 85./8 1)+ p X« (11)

T M BEKI3 XY VO BT EAKBEICREEAE Z . Seki& Furusaki
DRV IEVT LI —ET V- ZDOEBMIERRBRELVWE L, RKOR TR D
(5

F PRERS IT W (12)

Pes /s = Dis/Des = Pu/ds
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20O ERELEKIZSeki & Furusaki'? KEVRD IS ICHBFL e ¥ LVER

R, ET B L
Bovanlr 5. =08 ate & R, 13
O s VORr =A% @50 F el gt r. =@ (14)
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Crank-NicolsoniZic K D &, WML TRHME LAYV ((F 1 ) O FYEK
BEICET S EFTCHBELL, YVhoBEGKBEBEOAR R Fig. 40 & 3 iR .,
Toda, Sato'” DHBHHE R, Wadas " OB FHMBEEHOK R LEAMRABERE O
B Lo LMOBEMEKRELHHICK > TVl

COR, Y rohoPFHEERELIBROAX ZH W1,
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Ra
Ko = /J- dx rPk.dr}/((4/3) x R.°?) (15)
0

Fr. rv—fHI3voRERIGEEIROKXNIC XD FREL o

ry De(dxr?)d P./8 rl| +or. (16)

] Do (42 s2)8 5. /8 r| ;-2 (17)

Drokse ¥ VARBKRBREAE B S coTclhsx2PlifisE LTHE A,
RBHMEPEALLEZ WS D &L T,

Bl >FEBEO Y ¥ 2 Lb—va YICHEAHAL ZRunge-Kutta-Gillikid 1 % & B i 24
DAEMABRBEEZERT 2D, 2oLV EEREF DR c BV g oK
BEZEH L, RERBEEZ KRS o BERICEE O R i Crank-Nicolsonk
TRHOVWEBEG, ZRETHL2LD T VERATHAIBEZRDZBICRENAL
PE ARXRBOEERERESZE2HAVIRETHZ M, B CHERHRB2
BEET IO, ERRENBBNICELT S AL, (10). AKX oD LD
EFLBUVI, Liad-T, (10), QDA B awi-Tat' W oEH S FERXE L
THMO/>CENTEE, $R0DbDLE, brK[AOFEMP OR S %2 B HF KM (13)
LT, COBREHEO ETHF VI LOREERHEFE LK ESB o

T, BMMPoEERARBRROLI EHREL o

dr/dt By Ty LAY -y (18)

dP/dt = ry8§.,/V + v ¥ (19)
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a875dt = v 50V ¥ 2 ¥ (20)
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TR Lo BB, EEMKBIIBHMIRS 7944318 0LE 20K E. SHME
FALAEFVETCREBEINBMBORTEHEZRIFICY I ab—-b+bF 5 EBTE
e

UL L. Furusaki&Seki'V @R Q)X dooFEH £, 2 0.728 (H)EWMELTW
5H. 5EI 0.328 (-)& Lo CHidFurusaki& Seki' O DL5%TH D,
Furusaki 5'V B HMEREZME LAABRER 30CThHh. SR OEKBREZM 20

CTHotthd, EBMBEEB NIRRTV EEZEZL S N TS
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Fig. 4. Calculated cell density profile in a gel.
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ig. 5. Simulations of batch culture with immobilized cells at various glucose concentrations.
Lines: —-—-, simulated results considering intraparticle mass-transfer resistance; , simulated

results by the model proposed here. Parameters 4, and 4, in egs. (21) and (22) were identified, referr-
ing to the experimental data along the dashed line.
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3. WEHEREEY AL K E AL E 4k ook E R

A ERARU Lo > B cEHEBRbOTHEVHEHT Z /5 4 -5 0]
bF Vo MEMrI, YVHORKICLIAZRILZSECHHL TV S B, & 0E
BREAHCBELTHoDP LOPAIREEALAVEIRBE 2 VRAEBMEEHE O~
HOHEEGBEZATA2HERE HHTIHERKCEEZLCS LB REHE

e fi] %2 0 B & 9 %,

i !

NS0l Ex2FEA, FOMBALARERNCTEHENMBAORIEZ KB L

B2l TREHDTFEZXZEZHEL o

Zy B AR (21)
gt SR (22)
& o= 'Vn/rp/s (23)

CCT RAFeg D2V bOoRYVOLEEE2RL., AREEKE S
ZiEWH. ALREBICEMITIEEERL. YVOE®HBREFER E ET 5,
THRbb, FEHFROLEF - 10EREKZERL, BEsh 3 Lic
D EOREBEBBO - VOEHBBETLTWVWEDERLTWVWSE, Ch 50
NS A - RB3BODPLOERICIDRETE2 N, VTV A4 LACRET— %I
B S THETNIE &V,
ChooRA2ELHEBCHAT IO, REFERARIKRD X 3 i L o
dr/dt = gV, Xo/V + u ¥ (24)

dP/dt = v Vo Ko /V + v X (25)
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ds/dt = p VKo /V + o F (26)

T, VRYVER, ILLBEBAYXY VHABREE 2R,

G -Qo)Xz2zws, LI ERXOEREEB LA RZFig. 5iIc/R L e A
BB ALAAREDOLDICHEHAL, LEOEBZ TR LALHERZEBLTRL o
%5 A — #[E]F I i3 Newton-Raphsonii % i F| L 72,

EHFRBOBER R IIFig. 5SA R LK HE OB, 4.=0.042. 4,=0.208. B
OB, 4x=0,021. 4,=0.176. C OB, 4.=0.015. 4,=0.145. D OB, 4.=0.030,
4,=0.151TT H o fco M ELTA, LR I7 VI —2BEBELRD, BRI
Lo TREPRBR LB NE(RFREBNEIRB B LI TE- e . 7
VI — VHEBERBEELEIN S I EICL T, HHBROIS-20%CETYT 5 C
R pl o

NHABRBROBREE/RBEEEZAVAERRCENMEI»T D —HLTBD,

B EMAEEOEH L ALFERLLIODBHRIECRST I LEBARTS - 7o
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Simulation of the immobilized yeast-packed column with pre-fermentor. Lines: simulated

results. A: pre-fermentor, B: column. Parameters identified; 4,=0.050, A4,=0.260.
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e eE T S AW RS S S gl a8 (28)
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Fig. 7. Ethanol conc. before adding saccharified rice
solution into the pre-fermentor, and dilution
established in the pre-fermentor against ethanol
conc. after the addition. These results were obtain-
ed by simulation analysis according to eqgs. (4)—-(6)
and (27)-(30). Then, the ethanol conc. before and
after the addition of saccharified rice solution reach-
ed definite values after 4-5 days at 20°C when the
volume of saccharified rice solution (dilution) was

_ﬁxed.
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Fig. 8. Calculations of ethanol conc. in the column (A), ethanol productivity of the reactor (pre-ferment-
or+column) (B) and ethanol productivity of the column (C) against the ratio of the column and pre-
fermentor (¥//¥). Parameters in the figures are ethanol conc. achieved after the addition of sac-
charified rice solution into the pre-fermentor (see Fig. 7). These results were obtained under the condi-
tion where X, =120 g//, §,=200 g/l, V;/}=40%, T=293 K, 4,=0.050 and 4,=0.260. Symbols: &, ¥/
J/ for several ethanol concs. in the pre-fermentor when the ethanol conc. in the column was fixed at 80
g/l (graph A) were transferred to graph B; A, productivity of reactor in the above conditions (4); @, I/
/¥, when the ethanol conc. in the column and the ethanol conc. after addition in the pre-fermentor were

set at 80 g/l and 3.02%5(v/v) (23.7 g/l), respectively; O, productivity of the column in the above condi-
tions (@).
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E >

F

p-{1'1}
cLl
dJ

: frequency factor of free cell growth, 1/h

: frequency factor of etanol production by freecell, g/(g-cell-h)

: activity coefficient of cell release from particle surface, -

: activity coefficient of ethanol production by immobilized cell

v da b ionpate) B = B @7, wl/h

: effective diffusivity of glucose and ethanol inside gel

containing cell, ¢ m?*/h

s diffusivityof sglucose and ethanol +din water, ¢ m?*/h

: activation enargy of free cell growth, J /mol

: activation energy of ethanol production by free cell, J /mol

v fived trates s d/h

K p, Kiz2 9655 dhy 2 tconstant

K s

: saturation constant of free cell growth, g//{

: saturation constant of ethanol production by free cell, g//

: substrate inhibition coefficient of free cell growth, g//

; : substrate inhibition coefficient of ethanol production by free

cell, g/1/
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ethanol concentration in broth, g//

: ethanol concentration inside particle, g//

¢ particleiradions; cn

gas-law constant, J/(mol-K)

: distance from center of sphere, cm

: overall reaction rate of ethanol production by a particle

g/(c m?*-h)

: overall reaction rate of siubstrate consumption by a particle

g/c m?/h

substrate concentration in broth, g//
total area at particle surface, c m?
substrate concentration in feeding medium, g//
substrate concentration inside particle, g/ml

absolute temperature, K

time, h

: effective thickness of immobilized cell growth at particle

surface, cm

: working volume, [/

: working volume of pre-fermentor, /

: working volume of column, /
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Yp/s:

: gel volume, [/

: cell . conecentration in broth, g//

: maximum cell concentration in broth,

 cell concentration Inside particle,

yield of ethanol against substrate

: average cell concentration in gel, g//

g/ 1

g/ml

: cell concentration at particle surface, g/ml

specific growtu rate of free cell, 1/h

specific release rate of yeast from gel, 1/h

: maximum value of x, 1/h

specific growtu rate inside particle,

1/h

specific ethanol production rate, g-ethanol/(g-cell-h)

specific ethanol production rate by gel, g-ethanol/

(g-immobilized cell-h)

(g-cell-h)

specific substrate consumption rate,

: maximum value of v, g-ethanol/(g-cell-h)

: specific ethanol production rate inside particle, g-ethanol/

g-glucose/(g-cell-h)

specific substrate consumption rate by gel, g-glucose/

(g-immobilized cell-h)
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o : specific substrate consumption rate inside particle, g-glucose/

(g-cell-h)
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1. Time courses of £ P and J.
V
2. Approximation of time course according to Eq.s (1) and (2).
)
3. Standardization of process values according to Eq. (3).
)
4. Making up data vector as pattern. (Fig.10).
}
5 Setting up input data patterns (/Xt,Pt,S5t) at time = ¢ to input layer.
V
6. Caluculation of output data pattern (f#+1) from output layer.
¥
7. Correction of weight and offset by teaching pattern (/f#+1).
)
8. time = ¢ +1
V
9. Iteration from 5 to 8 untill the errors were satisfied.
Fig. 9. Construction procedure of the neural simulator.
Table 2. Initial conditions of the learning pattern. (g/7)
Pattern So Ko Py
1 50 0.4 0
2 100 0.4 0
3 140 0.4 0
4 150 0.4 0
5 170 0.4 0
) 200 0.4 0
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Fig.11. Simulation results of neural simulator.
Lag time was omitted from the calculation. Symbols: [#], original data; [],
conformity of original data and simulated data; I, non-conformity of original
data and simulated data. Patterns are according to Table 2. Arrows indicated

no-output from output layer.
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The neural simulator learned the pattern of S,
=160 g// and 200 g// in Fig.12, and simulated the
non-learned pattern of 180¢// Symbols and arrows

are the same as in Fig.11.
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Fig. 1. Schematic diagram of gas-liquid separator.
Fermented sake consisting of liquid and gas from the
continuous fermentor enter compartment A; the li-
quid phase of the sake flows down to compartment
C, through the tube B. On the other hand, the gas
phase exiting from compartment A is sent to a flask
of 60% H,SO, and a mass-flow meter.
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Fig. 2. Relationship between evolved CO, gas volume
and produced ethanol in batch fermentation at room
temperature. The arrow indicates the turning point
of the slope. Two mass-flow meters were employed;
O and ©.
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Fig. 3. Relationship between evolved CO, gas volume
and produced ethanol in the pre-fermentor operated
by the repeated fed-batch method. Symbols are the
results of different experiments; O, ® ) and O.
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Fig. 4. Simulation analysis of continuous fermentation

with immobilized yeast cells according to Eq. (7).
Lines were calculated from the dilution rate (feed
rate divided by broth volume) and gas flow rate.
Symbols are measured values. Conversion con-

stants, K,, were decided at various temperatures by

the shooting method, i.e. iteration until the square

sums of differences of the simulated and measured
values were minimum. P, ethanol conc.; F, feed
rate; Vcoy, CO, flow rate every 10 minutes.
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Fig. 5. Effect of temperature on conversion constant in
continuous fermentor.
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Fig. 6. Effect of temperature on conversion constant in

the pre-ferementor operated by the repeated fed-

batch method.
Symbols: O, 10°C; @, 15°C; O, 20°C; m, 25°C.
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Fig. 7. On-line estimation of ethanol concentration in continuous fermentation with the pre-fermentor operated by
the repeated fed-batch method. Solid lines are calculated results according to Eqgs. (4), (8) and (11). Broken lines
express the dilution by added saccharified solution. Symbols are measured values: O, pre-fermentor; ®, con-
tinuous fermentor. Temperatures in A indicate the pre-fermentor; temperatures in B indicate the continuous
fermentor.
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Fig. 8. Learning patterns of conversion constants in
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(A), pre-fermentor operated by the repeated fed-
batch method. (B), continuous fermentor. The
results were compared using the linear least squares

- method with intercept, ® and without intercept,

O. Broken lines are the convergent values.
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Fig. 9. On-line estimation of ethanol concentration in
the continuous fermentor without agitation. Lines
and symbols are the same as in Fig. 6.
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Fig. 10. Learning pattern of conversion constant of the
continuous fermentor in Fig. 8. Symbols are the
same as in Fig. 7.
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D : dilution rate, D = F 7V, 1/h

F : feed rate of medium, //h

K : conversion constant in batch fermentor, g-ethanol//-gas

K : conversion constant in pre-fermentor, g-ethanol//-gas

K » : conversion constant in continuous fermentor, g-ethanol//-gas

Ks, K¢«: constant

£ : ethanol concentration, g//

t $Ntaismes "h

t o s L R ALt e Tl

T : temperature, °C

vV > voll thie® of “broth,~ /

V' eoz® 5 #CRO% Y Tow mated J/h

X : cell concentration of immobilized yeast and free yeast, g//
v : specific ethanol production rate, g-ethanol/g-cell/h
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Fig.13. Membership functions for Ps and APg/At.
Pr, as the input variable, is the deviation of the setpoint value
from the controlled variable, and APs/At changes during At. ATk
and AF, as the controlled variable, are temperature and feed rate,
respectively. The linguistic states are expressed as N, negative;

20, zero; and P, positive.
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Fig. 14. Fuzzy ruled for control by ATs and AF.
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Control result.
In the ethanol concentration
values and solid lines are controlled values.

broken lines are setpoint
Temperatures

A and B indicate the setpoints decided at the pre-fermentor

and at the reactor,
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respectively. F indicate the feed rate
or to the reactor
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Table 1. Analytical results of sake brewed by on-line controlled bio-reactor.

Sample No. 1 2 3 4 5 6 7 8 9 e 3y . b}

OoDSg° 13.9 131 127 12.0 123 11.7 10.6 12.7 135 13.5 13.0 12.61 0.901
Ethanol (v/v%) 82 84 82 83 82 84 81 81 82 80 81 818 0.135
DS (w/v%) 55 56 56 53 55 59 55 56 56 56 55 556 0.126
TA (ml) 2.30 2.30 225 230 225 — 245 210 2.10 2.10 2.10 2.20 0.088
AA (ml) 0.10 0.10 0.15 0.10 0.10 —  0.15 0.10 0.15 0.10 0.10 0.12 0.023
i-ButOH (ppm) 33.9 322 342 341 353 — 366 355 39.4 37.8 37.8 3568 2.09
i-AmOH (ppm) 128 139 137 139 140 — 154 13¢ 136 128 123 1358 8.13
i-AmOAC (ppm) 03 03 02 03 05 — 04 04 05 06 06 040 0.13
Etyl-Cap (ppm) 01 0t 01 01 01 — 03 03 03 03 03 019 0.09

DS, reducing sugar; TA, total acidity; AA, amino acidity; i-ButOH, i-butyl alcohol; i-AmOH, i-amyl alcohol;
i-AmOAC, i-amyl acetate; Etyl-Cap, etyl caproate; —, not measured.
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Fig. 117.

Membership function for DP, NP, and k.

The lingistic states are expressed as S, small; M, medium:
and B, big. The other states are the same as in Fig.13. DP

is the difference of the

maximum and minimum

patterns of

temperature used for adaptive control at the pre-fermentor

NP is the number of patterns used.
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Fig. 18. Fuzzy rules for the learning of constant A,
in eq. (1) by k.
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Fig.19. A control result.
Symbols and lines are the same as in Fig. 16.
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Table 2. Sensory evaluation of sake brewed by
on-line or off-line control.

Sensory evaluation

Control

Flavor Taste
Off-line bl 222
On-line 2.44 2.44

9 panellists evaluated the sake after the second fermen-
tation for 5 days at 5°C. Points were awarded by each
judge on a five-point scale: 1, 2, 3, 4, and 5, which
designated excellent, good, fair, poor, and bad, respec-
tively.
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